


f 


ns Cain 






Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1965 


Design and development of cryogenic 
pumping evaluation facility 


Albero, Carl M. 


Monterey, California: U.S. Naval Postgraduate School 


http://ndl.handle.net/10945/11948 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
F (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist | | Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 


m \ KNOX appointed — and published -- scholarly author. 
aes | | : Dudley Knox Libra Naval Postgraduate Schoo 

LIBRARY dley b ry | | g d hool 
http://www.nps.edu/library 






411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


NPS ARCHIVE 


1965 
ALBERO, C. 





DESIGN AND DEVELOPMENT OF 
CRYOGENIC PUMPING EVALUATION FACILITY, 


CARL M. ALBERO 


DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE 
MONTEREY, CA 93943-5104 











DESIGN AND DEVELOPMENT OF 


A CRYOGENIC PUMPING 


EVALUATION FACILITY 


RREEREEK SK 


Carl M. Albero 





DESIGN AND DEVELOPMENT OF 
A CRYOGENIC PUMPING 


EVALUATION FACILITY 


by 
Carl M. Albero 
4 


Lieutenant, United States Navy 


Submitted in partial fulfillment of 
the requirements for the degree of 


MASTER OF SCIENCE 
IN 
MECHANICAL ENGINEERING 


United States Naval Postgraduate School 
Monterey, California 


1965 







NPS ARCLH VE 


IAbS 
ALBEEO,C. 


= Sp 

— pa 
a 
ae 


‘be 










Monterey, ¢ nin NAVAL POSTGRADUATE § 
MONTEREY, CA 93943-5101 


DESIGN AND DEVELOPMENT OF 
A CRYOGENIC PUMPING 
EVALUATION FACILITY 

by 


Carl M. Albero 


This work is accepted as fulfilling 
the thesis requirements for the degree of 
MASTER OF SCIENCE 
IN 
MECHANICAL ENGINEERING 
from the 


United States Naval Postgraduate School 





ABSTRACT 
A cryogenic pump is a cold surface employed to remove large volumes 
of gases from a vacuum system by condensing and freezing the gas mole- 
cules. Experimental results are presented for the cryopumping rate of 
carbon dioxide gas on a surface cooled by liquid nitrogen, and for 
nitrogen gas on a surface cooled by liquid helium. The nature of the 
problems encountered in the design and construction of a cryogenic pump- 


ing system are also discussed. 
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l. Introduction 

The requirement for large capacity space environmental chambers 
capable of operating in the 1077 to 107}3 torr range has developed the 
need for a pump which will generate a high vacuum in a minimum time. 
Mechanical pumping facilities are not adequate due to the large size and 
cost of equipment necessary to pump down these chambers to the desired 
vacuum. In addition to the in:.tial pump down,' the problem of attinesiae 
ing a high vacuum is compounded by the out-gassing characteristics of the 
materials inside the system and of the chamber walls, as well as the in- 
evitable in-leakage from the atmosphere. The cryopumping technique for 
vacuum pumping has been investigated and proven to be more practical and 
economical than conventional vacuum pumping ae 

Cryopumping removes gases from a system by condensing and freezing 
the gas molecules on a cold surface. This cold surface will pump any gas 
whose vapor pressure, at the temperature of the surface, is less than the 
ambient pressure within the system. For example, a cold surface at 20° 
will condense all gases present in a vacuum system except neon, hydrogen 
and helium. 

The capture coefficient may be defined as the probability that a gas 
molecule with a given velocity, upon collision with a solid surface at a 
temperature below saturation at the ambient pressure, will adhere to the 


surface (5). Evaluation of the capture coefficient for various gases, on 


‘Numbers appearing in (parenthesis) indicate references listed in the 
Bibliography (pg 37) 
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surfaces maintained at cryogenic temperatures, has been the subject of re- 
cent research. The effect of surface geometry, surface temperature, sur- 
face condition and temperature of the gas being condensed have all been 
reported as affecting the capture coefficient (25, 26). 

The cryopumping study presented in this paper was concerned with the 
evaluation of a 12" X 12" X 5" cryosurface. Experimental values for the 
capture coefficient were determined both for carbon dioxide gas and nitro- 


gen gas on this surface. 





2% Theory of Cryopumping 
The study of cryopumping may be divided into the following categories; 
(1) The vapor - solid interface 
(2) Noncondensable gases 
(3) The cryopanel surface and radiation shield 
These categories are discussed below: 
A. The Vapor - Solid Interface. 

As the solid condensed gas forms on the cryosurface area, 
the thermal conductivity of this solid coating and its increasing thickness 
will affect further condensation of the gas. 

hese the refrigerant is maintained at constant tempera- 
ture as the solid condensed gas accumulates on the cyrosurface. The 
temperature at the vapor - solid interface will then increase with time. 
Thus, the amount of gas condensed will decrease with time or in other 
words, the cryopumping speed will decrease with time. 

In designing a cryosurface, the condensing surface area 
must be sufficiently large to provide adequate heat transfer through the 
solid condensed gas layer for the desired operating time. The design cal- 
culations for the cryosurface area used in this study are included in’ 
Appendix III b. | 

B. Noncondensable Gases. 

The temperature of the cryosurface will determine which gas- 

es in the system will not condense. For example, at 77°K the nonconden- 


sable gases are 0. No» CO, Ne, H., and He. However, at 4 °K the only 


2 
remaining noncondensable gas is He. 
A practical and economical temperature used in most cryo- 


pumping installations is 20 °K. At this temperature H,» He, and Ne are 
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noncondensable. It therefore becomes necessary to use a diffusion pump 
and mechanical pump in addition to a cryopump to remove the noncondensable 
gases. 
C. Cryopanel Surface and Radiation Shield. 

The principal heat eed on the cryopanel surface is from 
radiation rather than from gas condensation at chamber pressures below 
107% torr (5). It is therefore important that careful consideration be 
given to radiation shielding. The radiation shielding must also provide 
a low flow impedance to the cryopump surface. The requirement for low flow 
impedance and that for effective shielding are conflicting, except when one 
considers, in addition to these, the precooling of the gas before it reaches 
the pump surface. For most vacuum systems the gas to be pumped may be 
expected to be at room temperature or higher, the latter being the case 
for a low density hypersonic wind tunnel or for a high altitude rocket 
test cell. Mainly for the sake of conserving low temperature refrigeration 
(which is expensive to maintain), it is highly desirable to cool the in- 
coming gas as close to the saturation point as possible before final con- 
tact with the cryopump surface. Another reason is that the gas tempera- 
ture is actually the controlling factor for the capture coefficient at 
cryosurface temperature of 20 °K or higher (29). Based on experimental 
evidence, the capture coefficient will increase as the gas.temperature is — 
decreased (29). 

The functions of radiation shielding and precooling the 
gas can be combined in a system of cooled baffles (with liquid nitrogen, 
for instance) placed between the pump surface and the incoming gas. 

An equation for computing the theoretical cryopumping speed 
based on the kinetic theory of gases will be developed. 
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From the kinetic theory of gases, the average molecular 
velocity can be derived (9). 


= Vo 
Vp 7 — cm Sec7+ . 
a 


where 
LN = average molecular velocity (cm ee") 


universal gas constant (8.3146 X 10/ ergs deg gcdete™*) 


i 


M = molecular weight of gas 
T = absolute temperature (°K) 
If nN is the number of molecules per unit volume, the 


number of molecules striking a surface in a unit time is (2) 


No= ova =N, Va (2) 
en 


Then the fraction of the molecules which strike the cryo- 
panel per second can be obtained from equations (1) and (2). 


NAV, - APR, T|* (3) 


N 4V V | enM 


As stated previously, the capture coefficient is the pro- 





bability that a gas molecule with a given velocity (or equivalently 

energy), upon collision with a solid surface maintained at a temperature 

below saturation at the ambient pressure, will adhere to the surface (5). 
The fraction of the molecules within the chamber that ad- 


here to the cryopanel per second is 


Np _ CNe — CART 12 - 
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where 
C = capture coefficient 
N, =C N, 
Since, by the kinetic theory, the pressure is proportional 


to the number of molecules per unit volume, the rate of pressure drop due 


to cryopumping is 


P = -PCA[ Rut |* 6 
VV | eénM 


where 


3) 


chamber volume (cm 


< 
WW 


P = chamber pressure (torr) 


roe 
) 


rate of pressure drop (torr sec~1) 


° 
The pressure rise due to the introduced in-leakage, Vo? 


is 


F O (6) 


V, 
V 


| 


9g OD’ 

{ 
< = 
F\— 
HS 
Che 


where 


P, 7 pressure of inlet gas (torr) 
V = chamber volume (cm?) 


v = in-leakage per unit time (cm? sec” +) 


° 
The residual in-leakage is due to the in-leakage of air 

through seals, gaskets, etc., and outgassing of materials within the 

system. Outgassing is the release of gas by surfaces of the vacuum en- 


closure when a system is pumped down. The pressure rise due to residual 


in-leakage is 


R= eM m 
V 
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Assuming the chamber to be isolated from any external pump- 
ing system and that equilibrium exists within the chamber, the rate of 
pressure decrease due to cryopumping is equal to the rate of pressure 
rise due to residual in-leakage plus introduced in-leakage. This can be 
expressed in equation form by utilizing equations (5), (6), and (7). 


PCA R.T|*= 8% + PY (8) 


(ie ee SS 


Vo | énM VV \/ 


Multiplying by the chamber volume, V, and assuming a value of the capture 


coefficient, C, equal to unity, equation (8) becomes 


PATR«aT |= PY + BY " 
onM 


t 
In vacuum technology, the product P . V is defined as the 
throughput, Q. The throughput is simply the total in-leakage rate into 


the system at equilibrium. Utilizing this definition equation (9) becomes 


Yo ae 
PF Ry | —_ () torr cm sec (10) 
emM 


The cryopanel pumping speed is defined as the volume flow 





rate, at chamber pressure, condensed per unit area of the cryosurface (5). 
S = Q/PA (11) 
From equation (10) we may then express the cryopumping 


Speed as 





Yo. 
Oy = Ra | cM? sec cM (12) 
enM 


C—O es = ea _-= 
CC ae « oe = 


ib ° 





where S. denotes the theoretical cryopumping speed, since it was assumed 


h 
previously that the capture coefficient was unity. Equation (12) can be 


expressed as follows: 


_[R,T|* ,.-3 
or ar aM ~10O Liter sec tom™> 


(12a) 


Using equation (12a), the theoretical cryopumping speed may 
be computed for common gases as a function of introduced gas temperature. 
Fig. (1) on the following page is a plot of theoretical cryopumping speed 
versus temperature for common gases. 

The experimental method employed may be made more clear 
by a discussion of some of the working mechanisms which occur during cryo- 
pumping. After describing these mechanisms, an equation for calculating 
the actual cryopumping speed and capture coefficient of a cryosurface will 


be developed. 


—_—_—_ Se Qu 
oY _| 
a 
Pressure Pr b 
(torr) 
S 


B 


MO 
D 


pagety || 
| 
| 
| 
| 
| 
| 
| 
| 


| 
| 
| 
7 | 
| | 
| | 
ty % tg ty 


Time (seconds) 


Figure 2 Pressure versus Time 


8 





Figure 1 


ELE OSTRAVA B@Ses S885 GenusB ooaBs 
Sita ¢ 258 90 OS S00 CeGDS SEGRE ARSED PSCC DURSE BE ESN SSSSR OSESS SERRE BO GEDGS RST SSRSRR RE Gn COGGRE SUSE SEE OGCGSRG CORS0 SEG0d BEBGGSSSSCGF TGR RSGG0 SSSCCRERRG cosa noons 
@) 64 1308 29 De S80 BOOO0 COOSBS TBH OO GBSH0 GE SSS PRS OS BES 9S DUCES BS SSS PADOR OBO BBB OD2 DASHA SDPO SDDOROO0 PERC SARESN OF DEDSS G00 SHAD2 BESO TD OL ORD DROSD BHROOR9900 800800000 
DTOC I3OSCS OO SSO BHO00 GOSSS SOHC] GHSE0 OB DED COBRA GURUS DR DOS ASSO b DOORS GS BOSS DRPROORRES BOR OORABAOS GRE ORSDBBR ONC OS DOBLD BHO8 0 BBORS FOGG S2 2SS08 BERH0 BASOeBOO0RGRR0I0 
£069 JITEDO CUSG0 HOO COBH0 OO 2C0 GBGB80 CWO S25 OO PES DEHN PEP SSSH5 G8 POOCR OF OOD OSHS0 COS PA DSO DROPS PSRRRCOCSE DOOO0 S880) BS000 COA88 COORE SHOE SES H0 OOSG0 0000008000 
GODT PSCS CBOSO CORSA OBSAA BB BSD PHP HOSRLA POOSS OSHA BEBE S BRERA SL ADS OB HOS PRPOO OD BES POS SRO SBS PPSRASCCOVs DCODO AEROS PASS PARSE OlOSS OBSEt BOO D0OSR08 0008080050 
seaed O@TET ODL 30 OCODDSS O2O0 SOP EO ODSRE OUSAD BETO PARDEE BERR DDDOS DATS OO SG0 COGS OCB GRROBSASOD @ GH DEE DO O00 BHEH0 SOSOROOO8E BEBE DOGS0 DBG80 GeeRag0ooo00 
GHD 1) TASZOOC FELL COS BD CODDBSSOAD CVC HO LORS OE SRR BASES BE BRA EBARE POSS SC OOS DOB ER RAD ED CAGOR BSA O0 CBOSO OEPSE PAPER PERO FHS O02 SUSAPOTOAG BOSSE GHEO0 SOROS LeBel Deoo 
Pq te 4-7 HH ES BRSBRs SPROC DOBSRSRLOCRPLAOCO 
THE LV EE FOOLS CBDSIRALAE £3210 CASH CED PR CSRS REHES CRABS TBARS Dl IDE SSSEA RS SPO CORHRCOSHS SHDOA COBH OTBERHS DOES SASEE LAE OE SEGRE Head SB SSCr 7 F220 80 GRR88 Ban0h 
ap EEE EF 5 
J GRROS330E Be COEREE QGCl0C RBBB H0 CILSS COEE 0 OSES SRDLO PEERS OSRE DEG OS BB OSS BR DARUDE BS RAGOBRZO00 BUOTTSSCLA Cl O08 BEART OROAE OD BOR DOUSASS ROA OHSEIOOEO8 GooBBo00o00 

OOF Faz Tse BSCEl ODE FS DOORS ESSDS COSS8 PB SE02 800 SR BES C3 BEBE S BREE BRORR BERS BEER BSAH08 SORES Bee 58 SERRE CRIES ag Fas ee de fe te 
SE BOQUSGC HII 3% WILT BA BROUGH OOF BDO HS ADD CHSED DOORS SUN OB BRO) CORRODE O80 80 SHORE DEB SR OCS SADARGRS BeOS PERERGDSOA GRETSC SC 3SS0 DORSE DOO BORE RSs TORSO 20000 S80000008b 
*#ECROCRIEED C018 8 LIES) OBC EARVOLS ABOU A SROD OPOOO CANS SODAS BE DS1 BHP RECPSR SALPARR DEE RASA S DEBSR FL SSR AROS ESR BeSse S£G8D0 “FSEL CORRE DOGR8 S208") 792 GOR R0RS00RN 80000 
= TT Ta = i ef i A i Ete 
aes OBOE 0 BIOHS CLEASBOSIGLS OHSST BRE SS GPCRS CASSE OVATE POSIA DOE SHS SEED SEPCHRBREl PES DAD BERS BSOSR SHE OF SSSPRSHSSS FDOSRARS00 7 TaD DORSO O8~ i PROBED BP LOO SERBS DOSes BAAS 
sagnebuss sases sabes cesns asses erase esses soes Sessa aesstacses seSessaseeSeses seeee cones saseeCeSeeSEees CEDEEEEEES SEEESEEEET TEDESSSEEE SABE EE EEE scabs Sa aEe TESST ETSEE 

Sa. Me f 

ore OSES REDS SEDST CUBES FUSES SEGEE SEGEE GSSES SASSE SSSEE EEE OS Pose teens Geese seses Goonsesene nanas seses Panne Seses essen Saas Gneed sseesceane aaeen 4aneceneseccceeenene 
on — eet et tee fg st ees tg gt ef + GS005S SQ28H5 RCC 73 PLE 10 BARS TWAS SASER SOS ete tet et Oo. 
EA SUED DD OUT PITDOO COT RSD CBBAE DOOSE BSS OF PERE D DEBES BERR SBE OLD ESSE OER SS ROE OE SSEEL PRR SSEse BM BOOS OER ES Shes DESED CREST 6 SSSR RASE SL) DOVORES GE) POST CSRS Eesee Tes =) 
O80 Sf G00 OS880 B8EeE280058 


, 





710 6 e908 00 CU f 28 OF SST OSE SE BESSO BRELS FSO S82 CODD SOE OSD GES0 POSS BE PHASE BS BES PROSE POSER SHLAA OE SOA PSO SRSAASD SOVSPRAAS0 &F IBS OSG SO SHO \DBASH0 G8 O80 BEODS ORAS SeLos 
gtccecices neces cones tense teens ccass Greet ceced EféoseRest cates nbees beeee esas Coese’ tes Sbessesees cesestoees sesee ceeds c: boaebene com! Eooseses ‘ex oseee esse RiaE= 
raat et 4 fe Ef (eeeseneeeee SSE G8 BE) PRD BEEP SBRRSR800 





oo 
| 
= 
a 
B 
a 
_] 
oS 
oe 
a 
B 
] 
8 
ie 
3 
o 
s 
G 
a 
0 
ia 
o 
a 
Go 
B 
g 
a) 
a 
oe 
Oo 
eS 
a 
Oo 
a 
B 
a 
B 
a 
a 
BS 


EOGt (STS OR CEC RSPREHLS APRA SAB C0 i DRCSS 0 BOUT SBIR. 1 BE SRBOOSSHD FOO SSES BSS OB SOE COSRE AILS BOD On SBOSOC 7 S8ED DOCU EB BHRG BM ITN EBSRE SOOO FOOSS0 CRU BO 00008 HOSE R8008 

pa Bo a BSPELDSSULE LEDAB DRED BBE SL OOSPROS5EO SHE G0 SOR S COBDS BLESS ASRS OU) NUBSSSORLeTS SAAS OO SOSSR0S CCOBEBSLS0C 

Gk 32 PGOSOR CLL O28 Ob BOSSES PESO CSGS0 OS SRS OOCS BEAL 1 ODE BNO CARS COOT OBS OO) BES BO 28 BHRSE 200 SEO RL POSED DAS8) POURRA EE DES B80 BE SER OS BO 8S) iOSO80 lS CB D0a8a 0020000000 

BOOCELELDC TIT ITIDSGH ELEVA ONLI OPPOSE DASDA SE SHIA SSS POLAT S SB ODS CRSP ODORS GO SECORRD OD BAS CRORE OST PHPE SSN OF OB FADD ASOE DAACD ESPADA ASH 1D DSSS HDAO) CABS POD (I ODOSE SASSO R8R00 





PSU820 (CC GE IBD OLASASTI AST OBAL DOO SHBOSEE OE DSS GL SRRS Sees SBEGRESBI9R BPSSTLT SRLS SPREE OSAS0 SARSRSHI00 OO SI eNOS SDCPSRSGG YOOeR BeCiNiDOBSSS OLUSSS&oOo00 

29 FED GO OS0 SO RSE DRE RS SHS HO COULD POSSE HO TCR ESSER PER DBE BS BE BP CRREGSERS BBBESLR a at tet tt tn 5 4 tt DSSES BOESESSBH0 

Cli ) CSO SISOUCSE BE POSES BHD HF CSR HA COREA DCUGEE BERD DEORE SS SOR BES OARS ANS BEOSH OBES O02 BOO OR OF DO BADT8GH8 DIAS SHAH A OSD.) DORA HSSES) VERE BAA DOOOSGRD2S0 09000 
SCOOP CCE TD GRE BE BE SBE BSSHO OES RD SSS FB DUCABOR BES BE SBS LEOES CORSE BAB LABSBBES SOS SS POOLCA CHE BBP CUSED QODBOQASHO3 BRAF)SSBen0o00001 BOSS 8880000008 00000 58888 

Ciég i TBOO TERQSOCORSAR SOT OPE HS P15 SSBE DEARASE LOCA POEAE OR SOS L OSE BASES SERTASRRElS DOBSSEERH CC DBESRSBGSS OOCSR BBeDU sso pow -4a- 44-4 HH EF + 
CTLI IL" BOO CE BODO PT DRSES BARDIA KVR CEVA SCOBGE BRAD ORAHE CORAL BOCES SEES) PRS BOS SEES He SPlIS BOPVEALICIZASSWDA0 aS Oeess 0 0888 8888 \OS008 SRSERREDU 
4 CLLIC PUES COP TS DEPTS OSSSH BEEHD COTDO LEO BD RASS BALLD PUSEDE CASE DED SORE LS BSBKE SCA CORO BAT OE POST SOSOO SALES SHS 8 PRESA.) ASSESSES 0. (DAO OSOS) DOSER PeeeeeaeHou 
CELUI C TIC tel UP MBS BOLOCI DOO BS RPGOA SSUAD OVAL A DED AOD DEAS SESORS BE OS OED OBB ES Dd BSS BL AB SEs ONE BBO OS D2 GEOR DIBBA DOBARABOO8 BPORS) PAGS ROeBOL) Pe PAOR) BOBHOOSCBaaaRD8 
QOO88 8801 BGnReERe OCOSS SACO SAGE OBSS A PPS SOLO NS DORON DEBOD BH000 8000 BERS0 088 28 DOOR GPC O0 OBES l08es BOOe0 ees Od easel GSRRES £6 PER EBER6 PSSRRRRRRe88aR0C 

SOS. (6SBGG0 0 16 FI BOGCS PPPBOOSERS PORSS BROOD CIDA DERE SAR AOS BA OF PAROS OE POSSRSUS REDS PASSO RE ORA OE BESS SOSH PEO RASA DRASSSDE OSA OS BARBRE 1G00 SHRPRRVO CSF BROAD O9SED BASS SS Rau 
€P SCV TRIO LIT IATSOO) SEOOSSLRE OSE G8 GB SS20 OO BS DOO S08 SHOES BOERS BSDSS CSE SP BECP SHS HD BSS SORES 8 PHS BS SSSA0 PESO OARS OOPS RES DD PERSO CNSSD SOSGRSS (20 BSOOR \BSelSS0CRaRD00aC 
a et ft $e GoGeU GG SRR SnGne Soeese Gees 000 0GR0Gn0 GeueceGeseueceseusGs seseesasesceesseseesecs:sssenseccssseas sss OOt S80 SUASRED) | GE SESRL. AS0B O80RBRBSS9006 


250 





i 


ESSBh BETTS 22888 OGSSS SO SS8 BH0 00 SEBRO0 OSSGR OO" CORSAE Ss SBRSMS OOOO f DOBRO OSs SERED DA 8S8 BASSOR OA AT DOO STCOODS PROS DS BS O08 COSSRSD S280 BCCRODS) 38 ODORS oveCowoesooor” 
BUDURC EE IOEAL 1 1 3MOOO BCE) 8 OBGES BE SSE BES SE CRSR OLAS BAL ABDSSSHT BEANS OSE OS ROS OS BR RSD RAR O8 LARS s SH RSRODO) PESOS SONS DAD ROARS BOTRASH,. 1G RDO REHT Gs SORA ed) PALS PSPS DGaeL 
AP BTOCPOINO ICT 1SOBSO BIS. GANS) SPORES PRLS PSBSH COB SS SLT SSR RO SS OHS BSA OS RS BSA0 SE BOL OSS BE CASE PSP RASS HOE CE OSHS DORE FOOSE POSSE ORO SR IR VE SCORE O88 19 PRERH) 1980 200 0R808ecC 
BLSTARSSSS BSE I OCAGSL TAILEAOSOCT SDSS CRSHD CABS COSCO P BOSS SOR BF CORSE BPDTS SEO BBS RO DOSER AOR PE SESS2 POSED COMAE FOOSE SDSS BSORE0 DL OB SOSBARSE i GBBS00 (Ben GOseoEaLoec 
Baees £aSar Bnassasees Roost SPSE SOLES SBG05 SIRRS OSRER OE OSES BONS BERS S GOSS SPLOR BEE D0 PERRO OSES CORR OAH 25 BEOGRAD COMED E DORE BAERS OS SHARE Wo OSSOPBAS HT ELASOC BARACCBGoGGoOc 
Co ee ee ee le SB 3S OOO Gy BS SHS COLSASSRAA SOARED SSL CHORE DESO OE OCES BE DDN BOB BR DESDE ORGAO SHR BED ORERODS BR ODD SRBAS GESOOARO?O BSOOOSRR TOCRLOL, BOOULSOSBHH0C 
pa os fanny het + OBaSC GCOS DSB 0 20 BBS OBOR SOE COS SOLS DEE BD ODSO eB OHS BERLE SHOES CORES SOSSS RUE BE OB BEAT IAOSSTCOBAADLS BQDLUSOE DDOCTBORBOUCTBROLG SEER EBeRER00 
EC SUO0DGE 11) JOS00 BEBS0 SUE83 BE SES BES SD GOES DS PRSPA OER AE BADE D PERE ORES ST SESDARRE DD POSRE HE S8 EOS SSP OSHS5 SERS D0 20080 S200 R SRS 00 BERS BBL VOCUSLOSRS-| S808 00 VeolIBOSO8000 
PLHS0OBBOORICC 11 SOOO SIRSOCSE SOU SDS PBSHl DOSSE COORD AD SOROABOLS OE OED DER ORO CAE BABSON D DES OB SRS SRE BOR BS52 BEAR DOOBAS SRASROBAO D ABSSE OSS) DERDSAR80R,. 20208008 \OOc0COEROLGL 
JONG S400 2081 + IOBOVOSSGST GBLCS IRB OE BE BSD GAB RA PORE BS SOARED BRS BH OBS RS SOOT OORR OD OB BARDS BARR ORE OB BE OD GROOT DSSS © D200 0288 20 ARBSH IGOR DOOCARBOR! BAOOD Se. (OS S00S08000K. 
43000 DMRDSOOIG1 | F@OSCO CSB DSRSH0 SV 588 OBS Ll BE SSS PES ES OSS CS OSEER BE BEA DEBEL OE COS SSREL BRS BADE BER Hl SSPEARS PSGEAL DART OSHR LSS OS DORAASSASC SOOLVASERE OBSSSOLi SBBBRBSRRF 
SUR HDERSSE Rar OO DOSS IO S088 O15 SS B00 BBCSO BE BEE POC TR ROE HT PPR RDOFSSH DOLCDS ESOC PERSO ESOS 12 SREP BSOS EROS C COBDS DOCOSRRDS SPERALOBSC 1D0G0RR800 [UB8H08 SEBSBESSaaRu 
Ree eee eee eee eee e888 SS SR8 BESS SEEES BE8 Os BESS BENE 08 8N5 80808 BS085 OE 8Ss Bs Gs 2888s FOSS S888 n 8 eses SS888 ee en ebees ineseee SSBSR0R88 000 
ESRED GIVI LE TC EALOOEIOL|] 7H SL PROSLE CPSHAE SASS BHCHS BP SAS OB SSE OSB ALES OO BS CSAS BOSS) SE STDS BO SS CORSE OBAS0 POSS OED PSP SPSS lee VOBOUBSuD) BOSOARO LOSSSS0DUHo 
88600 EPL RT ICOO OHSAS DE DD ePIC SEBS OF SED SOSAD PBlSS BOSS OSee8 BS BS E80 BE BOS GHSH0 GHSeE DODEE SOSH PSSOR OOPS OS OSDSRAOL BARRA SSSOUS (ORS eS 00 BOOSEOG ie GSGCOLBe20 
CSSOn CITT IICBAC PROOOCRSLLGENSG. CSSA SEBS LOSES PERRO E BESS BESE EF BE SDAS” OR RSRAE PROSE DOSS8 BAR SP SESO8 SRBRATRBOU 2 POVBBERDT BOSLT SSG D VOSS BH00 LD POURS) 0 BBOSo000Rr 
* Bele! On Se PSI ePReR OSSELS DE0908.. O00 CSSD FOES BORE BO BOR OLDS CABO ADLOD SHE BD DEBE SOBRE SS OEE BOOBS BESROAO GOSS DO OBR SRDNS GOOROD DROS. (Se OSRN0 AWIOOOBOR WHaoOooooogoo!. 
SBE Sittseane8 8H BGHeER 2088 
VESEBALSGSH L111 IBRD Fees 25 GOBSSh— 2 OBE OF OSE08 BHO OBS OSS0 SUSE DO OOREB DOO OO BAT 0 DBO BE 0 OS88 SUSRUE SOD BOSS DL O80t OO OOO SE S00 FOS BESS 28008) SO BDEOO Go 1900000 10S80000008 
Ne ee ee eee ae eee eee’ 20208 BEDES BB O08 ENS 08888 BONNE 88N05 BEES BES SSS088S 5 SESSSSSSS PENNE NOSSEBESEE SSRs FOESs SEeNs Bat spe HR TH SB 
_ SECC COE CD BOOS SRBS0 SHUG 0 OSDS SECRR SE DOf BOR BOLE RRA DEC RUSBE DS SES R0COSG0 025000 "R805 G0 080 0OS0R 085 102000008 DOS0RG) aBOogoo0c0 
Sone Sees cose? GHSG0G050n SaeG0SeSeE Bees ©) °SeeC0G00 S00000000 S56 0s0eRee00000 00000 5050000000 250000005 SASSECEeC0 Shassenee0 SaSeceeSee0e) Seencecen seaucen tscenees =n 
ie 
Ones SEBSS E5522 BESEE SOS26 ROGSE SOSES DORs SEDNESSREESSSaS SESE SESE EEeesseeee Seen Ebeeeeneesaseneenese DOSSS5 COL SSESS5c SSSECSCSRSSCOSEEe. |G0e PSSeBe (ae so oeeec 
PLES CEGHO OTT i DT EOHA TESS OBS STO OSSS SSS 00 SESH A PASSA BEE SE BE BS OOPS OE SER BEDS BR OED CBRE S PERE O82 BS BS PRE 00 SASS0 SSPOE DOE OB BB SOD BROS0 SR DERORSH: 1 AU 800 EO) POORER) GeSSS0800 
pad ee He Ht] BSE DROSS SSSLD SERCO COADE DARSST BERD CRBS COBRS POR BS GGR 00 O9V84 29089 0O00OBEOCU GEOsoeOeeeBeS 








200 





Dg G80 8005 1280000 «eSe8eu8H80 

GER SESEBL OL ti 1 ISSODRRRADAS OSES SSSA SR8 cease: SG SRO SB BBE OS CUBS SF CERES GEQST OBBES SRASAC SSSA PESER OSPR ST CUPAAPADNS ES VERBROREH BSOOH BONS BAO WSSCO SES \OSBCRH jBS0NGRG0 
Ree ee ee eee 0880s SE N28 S808 SR SSs 08885 8080s FNSSS F8kNs 5S88S Ses bene SESes Reese seseneseess BHP GEOR" (SSE0 R082 O28 OS00 OOBE. :BERGa8.! 1 BBOSRG 
BOF BRED C”* f ICODES C# BRO OCCTSD DOSER BESHS GSR BS BEEN 5 BERS BEC HE DEDE SER SER BRDSRER EDS PRR RSE OSES OED BOOB EPS PRSS0 ODOR Se 0 SPOOR OSRO0 OCOBSTSCUSO. CROC BCCR QO0GNG) .sB008R0 
CSSSOLBOOOOL! 1 1 JOVLS PERRO OOOUT GPE SS SS SDS SSSR BESS.” POSBDOSADD OF BDESOAR Ge OHA OOS BOD BR OSS CR SSR FOF BOS OS OS PERST CORRE OS OUR CP DOD BROOD CARBS BOX 8 VEEL GOOSs OODSD Et OBBAS8ac 
NCOBU SIGO0 030 1 IOSSOS SASS) OSOSR OFF BB SO SRE BS PSR AEOD FORO RR O00 BHRS D2ON RES BOD U0 BR SOD DORE S DOES BSR OD OB ONG PSPSORDAASRSDSO2 GES00 CORE FDGS2 00080 01200 00808 \200886 1880080 
2BQGIC LIOABGOL 1 ( VIHBSL EC POCO GTSCSL DOPAP SDSS SHPSPASCAOGAS& < TOE SOSHl SO OSD OOS OD GE DSS DORE CHRSH ODODE OD SOPABOCS POSODOOD0e BOO OD BODO BHO D0 COSER BOCOURL POO CBRS0! ARGO S09 120 D0Gu0 
ge ta feed fa be He ft EH Woe HH 4 Hs BSERSRSREAR SPRL OBBA BOT OE GAARL DECOR EA SES BEERS OS 100 BBASOC BORO‘ BeeS0o8 
SOMO P CURR TTT f 28 BR" GROOM OSSL BSS DEADORE CAUSES LIBS OMS. 6@ BE ODD PR EHDPOASE OF 575 SROOE ES BOSDS PARAS ER HOMO PSHSHD OUD AE OAICSARSEL PASEO DOBEs OSSORO0t) OC CORBEL BORD D SRena0 
SESTHSESROHAi 1 1 DEDAD CHAD SOPOE BRS BESSA SREVOL F008 OO8S Been8 GOS0RT0 SOC TDESERO DEBS OOSER BSSOCSE808 200 HH AG 4 A HH 49 44 
EBOSSOESOO\” ¢ 13 3CSCl £20 CAG GHASL OHS GE SR BHe DEGCOLTSSs BOOS SBOLT SOSSBONT OD BOL AROS BOD 2EOE DO SER2 SHRED OBOE SSRCOCRE SS SO0D8 BEDS SOO0S 22008 PO TaD Eer \WReeee ys R44 
SERCOCCCSRD wl i] IDPOCH £90 CU CASL OSHS BSSHE GO PROC RLORSDADDB “OCA BB SSDOSDOR OD OOREBEHD BORE CORES DODOA SORES DRORSDOORR 2 OHO CO RBODED DDARPTORBEDLODSEOD! DOBBS L. OBO0OBL) BasnGc 
to fe 8 6 S2BGS OF OED SESSS OR ONL PRSS2 CC ERS BBS SURG G0 PORSPCUBES SURGE SABSl GES CORB OS ERR S28800 CBSS0 00 1908806 BO8o00 
BEEROLES_ U1 is JOBS ES OSS COLES CORES ERHSO DESROLOE DS QOD DOSU:. 3 PUSPAODRSS SHROR ERRORS BEBE O88 £5 OOS PES SS80 BER SS C8080 BER 0C ROR SL SER00 02888 BE8S000 20.10 00808 001 Fe B800 (b0s8® 
pd Pa Be ft ee Hd RHE 4 a 1 TH 4 
pa pe ef tet HE i a ee HAN Gh HAT HE EEE S8e88) seene 
DSSS GSES OIL I 1 IDSC] SCE TAGS SSE COADOSGSHOE 3 OSROT SBS RE OSDEDOALL 2 VERO TORE BE CUR BERET DROS OSRE E BERR SSOB0l OSRGR CHR BE DORBE RE SEl OB ORE OO O88 BO500 29500 | P0G0 000 (20008) S0080 
DOSES COOBECC! I 1 J0B05 NBOOO OB SB8 SOCSB BBE DHE SER ASE POOTBOBDOOl OUR VERE BSS BED OS BASES 208882 S888 2 BPO BORER ED OeO8 SCORES 2200 208000 BE0 PERRO RS SPORE RRBES 6 OBBO DEBt BOLOSU VOBeEc 
Gna 80 SebSe 88855 SeRes SOF DAOC SSE S28 80 S9S80 £8 S08 OF S08 BRSS0 CBS (OE OES SECRS BABES DEO SSSDER0 BE OCESES OS POSSE LOBB0 S000 BRO LO BASSE OOSSs BSO8S OSOCOY JSERBRRBSE (OHR08.(8e0C 
dbesin” Seae pea gestae ee eet 4 oe FA 4 GH 8 
2EGERC BIBL OC £4 1 JOBES GERSOS CURDT SS HBG GEGl1 COLTS DUR BS BOOTS SBODD DEBAD2 VDOR ER SOORA ASE PRA BTR RS OPP ODPDSOOOL SPOOR LOUDSS COURSES SO0 PRBS SOPRA SCOPOADSDOH BG VOSRBSaR0C BHOOBt OBoO0 
VSSSGQGOCSESDSl 2 1 I GVHOO CEUGLA OOCEDCOSDSSSRTL BEGR FS ROR BO POC OBB SO08 BOSBDOONDD BARES BORLA DEBE ORES S BHGHS BEOED GARR OS BORE GOCE SE SE BO DEBROSSE BABES ESH0l 8.130 BEER0 VBCRRBt {e000 
JESERLALSID BL. 2d BRB VBSSS OL JOE OSS BS BSS CO OBSRSHS2 BF DOR CRRRERS GHOBT DES “8 POO RRSODOC BHOSDOCSED DESO OSH OD OBOS0 OOOSD BOSC RRE BEL BERSR LOSS BPSORESNCT DO OF BBSR0.1 30808. \eoo 
SESESOSESL OI? 1 1 SBBO0 BLSIDOOLRS VE OBASSSSS PRSHRESCA SE PER SRRRESS PSPS PORSD: PORES BASS0 PEBBE COOMBE BEBOE SBE80 SESS HOSEL DECOCOCREST SERRE OSE RRS SOSPORRC ABO (1S BABOD) DEBDH) B40 
<4ESDGLS0008 SSBOD SS 08 O30 80 B60 8 BE SSF GPCRS OSS OD OOD OF SPBO 8 HESR TT ORDO DORA RASHO DOOSR OOEBS REO URSSO 80 BOOTS FORCE BOC OS OSS BF OS PERO EOS SR SSOS SOOO BES PSSSBO0IO8R0R On 
SERORCOBRUUC’ 3 1 JOBS FSSRE OSES S50 SESE SH0 FESR SS200 208200800 S880 CREB RRR BES0) VER BDEOO DEDERR DEES BESSSE S080 POO8 0 20880 CRUG 208000 GO0 DU DOES SERSR SSS C0 2080 UBSBORL.AO0e8RL Ioo 
SeaeeSSEEs su53d 25057 sS5555SS58 Sesseeaees Seeesssesseseeeesees SoSTeTTeee esas CeSEs SEnEEEEEEG SEE SSSeEES GEESE EESTSSESESESS SESEESESESSESEESESS TESS; Seeer ay Enea Te 
PBR BM KF WSS. | SO a OS SS OS OO OS a FH) FE fk FF A FP) kT fF Pl LJ FRR RG RAS RR DRA OR RD 2B em OS Sele mee me (m) 


©. 
rd 





150 


wy © un) © wy 
= » oo 


‘Cre p-088 $2937) peesds Butdundodzy [eot_e1A0S9U] 


Temperature 


Temperature Ox 


Cryopumping Speed vs. 


Figure (2) is a typical chamber pressure versus time curve 
plotted by an X-Y recorder during an experimental run. In region "A", 
the pressure is constant as the vacuum pumping system and cryopumping have 
established an equilibrium pressure, P.» in the chamber. The cryosurface 
is condensing and freezing condensable gases while the vacuum pumping 
system is removing the noncondensable gases. However, it is also 
possible that the diffusion pump is removing a certain portion of the 


condensable gases. To eliminate this possibility, at time t, a high 


1 
vacuum valve is closed to isolate the chamber from the vacuum pumping 
system. As equilibrium has been disturbed, the pressure starts to rise 
from its equilibrium valve, P,, in region "BB". The cryosurface is now 
condensing and freezing all the condensable gas molecules. 

At time to the experimental gas, co. or No in this study, 
is introduced. There is a rapid pressure rise in region "C" until the 
pumping speed of the cryosurface is equal to the inflow rate of conden- 
sable gas (time ty). In region "D", the cryosurface is condensing all of 
the introduced gas, but the pressure continues to rise at a less rapid 
rate than in region "Cc". This pressure rise in region "D" is due to the 
non-condensable gases originally present in the chamber and the non- 
condensable gases introduced with the condensable gas. Since all commer- 
cially produced gases contain a certain amount of impurities, about 1 part 
in 107 (5), there is always a certain amount of noncondensable gases in- 
troduced with the condensable gas. 

When the inflow of condensable gas is secured, the pressure 
will drop abruptly in region "E". This pressure drop, A P, has been 
found experimentally to be independent of the duration of condensable 
gas flow (26). In measuring the pressure drop, A P, the time lag in 
securing the gas admission valve must be accounted for. Therefore, the 
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pressure rise in region "F" is extrapolated back to time Ch: The pressure 
drop is then measured from a to b as shown in Fig. 2. 

When the condensable gas flow is secured, according to 
Dalton's law of partial pressures, the pressure in the chamber will de- 
crease by an amount equal to the partial pressure of the condensable 
gas. Dalton's law can be applied to the present experimental method pro- 


vided 


(P. \, » (P,).. (13) 


If the condition expressed by equation (13) is not satis- 


(PB). > AP (13a) 


The reason is the condensable gas flowing into the chamber will undergo a 
momentum exchange with the non-condensable gases present. This will tend 
to increase the density of the non-condensable gases in the direction of 
flow. Upon securing the condensable gas flow, the non-condensable gases 
will expand to fill the chamber uniformly, and the observed pressure drop, 
Z\ P, will be less than the are tiiail pressure of the condensable gas 
before cut-off. 

A working equation for calculating the actual cryopumping 
speed will now be developed based on measuring the partial pressure of the 
introduced gas under equilibrium conditions (26). Equilibrium exists at 
time ty (see Fig. 2). At this time, as stated previously, the cryo- 
surface is condensing all the condensable gases flowing into the chamber. 


The condensable gas throughput into the chamber at time t, is 
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= (P, Van a (P. Ve )p torr liter sec”! (14) 


All the terms in equation (14) have been defined previously. 
The subscript c, denotes condensable gas. 

If the condensable gases being emitted from the inner cham- 
ber walls are assumed negligible in comparison with the introduced conden- 
sable gas, equation (14) may be simplified as follows: 

oe = 
Ge= lan torr liter sec (14a) 

Substituting a. from equation (14a) for the throughput in 

equation (11), an equation for calculating the actual cryopumping speed is 


obtained. 


S57 _ Liter sectcm™> (15) 
A 

If no non-condensable gases were present in the chamber, 
the chamber pressure seule remain at a constant value when the cryosurface 
was condensing and freezing all the introduced condensable gas. This 
value would be used for the pressure, P, in equation (15). However, the 
chamber is isolated from the vacuum pumping system during the experimental 
run, and therefore the non-condensable gases cannot be removed from the 
chamber. This precludes a direct measurement of the pressure, P. 

The partial pressure of the condensable gas is equivalent 
to the measured pressure drop, A P, provided equation (13) is satisfied. 
Further, the partial pressure of the condensable gas may be used for the 
chamber pressure, P, in equation (15) when the saturation vapor pressure 
of the solid condensate, Po» is much less than the partial pressure of 
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the in-flowing gas. 
(P.). > re (16) 


If Q P approaches Re the interference of non-condensable 
molecules, as well as re-emitting condensable molecules from the solid 
condensate, will become significant. Therefore, the condition expressed 
by equation (16) must be true for the experimental method employed to 
produce accurate results. 

To summarize: 


Lf 


1) (Psa » Co (13) 
ley. (16) 


then 


1) Ap= Poe 
2) P in equation 15 = (PR). 


and equation (15) becomes 


a ono (17) 
@L A 
Equation (17) is the working equation utilized to calculate the actual 


cryopumping speed. The capture coefficient can now be obtained from (12a) 


and equation (17) as follows; 


C = Avy ° lon (18) 
PA 
Ry t |Z 
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ay Description of Experimental Apparatus 
a) Vacuum System 

The vacuum chamber used in this study was a modified 40 inch dia- 
meter vacuum furnace manufactured by National Research Corporation. The 
actual modification of this chamber was performed by LT G. M. LaChance 
and is described in detail in (16). For the vacuum pumping system schema- 
tic see Fig. 4. 

A 6 inch, 4 stage, fractionating, diffusion pump capable of 
pumping 1500 liters/sec and with an ultimate blank-off pressure of 107/ 
torr was used to pump down the chamber. This pump was backed by a 100 
CFM, single-stage mechanical pump. The diffusion pump was charged with a 
silicone diffusion pump fluid, Dow Corning 704. Under operating conditions 
the diffusion pump requires a power input of 1500 watts to the heating ele- 
ment and requires 2.91 lbs/min of cooling water. A thermistor switch was 
mounted on the pump body and will automatically secure the power to the 
heaters in event of a cooling water failure. 

In order to reduce back streaming, a 6 inch Liquid nitrogen 
optically dense baffle manufactured by National Research Corporation was 
installed above the diffusion pump. This baffle requires a charge of 
1000 cc of liquid nitrogen every 4% hours. In addition to reducing back 
streaming, this baffle will condense certain gases being pumped from the 
chamber and therefore reduce the pumping load on the diffusion pump. A 
cold cap was also installed on the top jet of the diffusion pump to aid 
in reducing back streaming. However, examination of the bottom surface 
of the nitrogen baffle showed considerable diffusion pump oil. It is 
the opinion of the author that this cold cap could be removed from the 


system without causing any adverse effects. 
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Directly above the liquid nitrogen baffle and mounted below the 
chamber was a 6 inch high vacuum, air actuated, solenoid operated valve 
manufactured by Vacuum Research Corporation. This valve will open or close 
in less than two seconds and is certified for a leak rate of l x 107? 
std/cc/sec. It is also equipped with Viton O-rings in order to minimize 
outgassing. In event of power failure, this valve will close and iso- 
late the chamber from the pumping system. The combined conductance of 
this valve, the liquid nitrogen baffle, and diffusion pump is 600 liters/ 
sec. It may be checked by performing a rate-of-rise measurement on the 
chamber (22). 

All flanges between the chamber and the diffusion pump are fitted 
with Viton O-rings to reduce outgassing. It is recommended that vacuum 
grease not be used on Viton Orings as they have a much lower vapor pres- 
sure than the grease itself. 

The foreline piping is 1% inch seamless 304 stainless steel 
tubing. The foreline valve is an air actuated, solenoid operated valve 
manufactured by National Research Corporation. It will close in event of 


power failure or loss of air supply. This feature protects the foreline 





piping from mechanical pump oil contamination and also prevents ene ex- 
peeueE of the hot diffusion pump oil to the atmosphere. All flanges in 
the foreline piping were manufactured with a 32 r.m.s. finish and O-ring 
grooves .005 inches less in depth than a standard groove. Experience has 
proven that this combination will work best. 

The roughing nlite is connected directly to the chamber. The 
size of this line is 3 inch stainless steel 304 tubing and the foreline 
valve is a manually operated 3 inch bellows sealed valve. The foreline 


piping cuts into the roughing piping aft of this manual 3 inch valve. 
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b) Cryopanel 

In previous cryopump studies the refrigerant was recirculated 
in a closed loop through the cryopanel then to a cryostat for re-cooling 
(19). This was not feasible in this study as a cryostat was not avail- 
able. Therefore a "batch process" cryopump was constructed. This method 
enables the use of a less sophisticated transfer system for the liquid 
helium. However, the liquid helium once vaporized in the panel is not re- 
coverable. The vaporized helium is replaced with another charge when the 
cryopanel begins to warm. The cryopanel configuration is shown in figure 
(Ene 

The material chosen for construction of the cryopanel was type 
304 stainless steel. This type steel affords the advantages of low out- 
gassing, high tensile strength and good ductility at low temperature. 

The cryopanel designed and installed for this study was a re- 
ctangular box arrangement, 12" X 12" X 5". Four stiffners are installed 
between the two 12" X 12" surfaces. These members were constructed by 
heli-arc welding two channel sections together and spot welding the re- 
sulting box arrangement to each surface. Including the fill and vent pip- 
ing, the cryopanel weighs three (3) pounds. 

Under operating conditions the pressure inside the panel is 
approximately 15 psia (atmospheric pressure plus pressure head due to cold 
fluid) while the outside surface is exposed to the vacuum chamber pressure 


: to 1 X 107° 


(1 X 10° mn Hg). Therefore, prior to installation the panel 
was tested hydrostatically by blanking off the vent line to the panel and 
pressurizing the panel to 35 psia. At the time of this test, the outside 
surfaces of the cryopanel were exposed to atmospheric pressure so that a 


20 psi pressure differential existed across each wall of the panel. The 
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cryopanel was also leak checked with a Veeco mass spectrometer type leak 
detector. This test was performed by pumping on the inside volume of the 
cryopanel with the leak detector pumping system. The outside surface of 
the cryopanel was covered with a plastic bag and the bag was then filled 
with gaseous helium. When no discernible in-leakage of helium gas was 
observed, the cryopanel was accepted for installation. 

c) Radiation Shielding 

The chamber walls are at essentially room temperature while the 
cryopanel temperature is approximately 20°K. Since the operating pres- 
sure of the chamber is in the 1078 torr range, it can be assumed that the 
principle heat load on the panel is due to radiation. Therefore, a radia- 
tion heat shield maintained at a lower temperature, installed between the 
cryopanel and chamber walls would greatly reduce the liquid helium consump- 
tion in the cryopanel. A liquid nitrogen shield cooled to approximately 
77° K was installed between the chamber walls and cryopanel. In this 
manner the radiation heat load on the cryopanel was reduced to approxi- 
mately 0.4% of the value without shielding (Appendix IIIa). A detailed 
description of the liquid nitrogen shielding utilized in this thesis is 
presented in (16). 

The liquid nitrogen consumption in the primary heat shield can 
be reduced by installing a dry aluminum shield. Such a shield was in- 
stalled between the chamber walls and the cylindrical liquid nitrogen 
shield. The radiation heat load on the primary shield was reduced to 
about 25% of its unshielded value with this method (App. IIIa). 

The following modifications ante performed to the Liquid nitro- 
gen fill system described by LT G. M. LaChance in (16): 

a) The vent lines from the cylindrical heat shield and the 


back shield were increased in size from 3/4" to 1". 
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b) A separate vent line was installed for both the cylin- 
drical and back shield. 

c) The fill plate arrangement at the top of the chamber 
was redesigned as were the liquid nitrogen feed-throughs. (See App. Ib) 

d) The cylindrical heat shield and back heat shield pip- 
ing were modified to permit the filling of each shield separately. 

e) A manifold with quick closing ball valves was installed 
in the liquid nitrogen transfer line. 

f) Nylon hoses were inserted in the fill lines to enable 
releasing the liquid nitrogen as close to the bottom of the shields as 


possible. 
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4. Instrumentation 
a) Pressure 

Two types of gages were used to monitor the pressures in the 
system, a Bayard - Alpert type ionization gage to measure the pressures 
below 10°> torr and thermocouple gages for pressures above 107° torr. A 
McLeod gage was utilized to calibrate the Veeco thermocouple gage control- 
ler. 

An X-Y recorder, model 2A, manufactured by the F. L. Mosely Co., 
was connected to the output therminals at the rear of the chassis on the 
Veeco controller. The impedance of the recorder matches the one specifi- 
ed for the controller amplifier, 2000 ohms or greater, and is ideal for 
this application. The recorder can also generate its own time scale 
along the x-axis. Since the output of the controller amplifier is 2 
volts for full scale deflection on the ionization gauge meter, the re- 
corder was calibrated so that a .02 volt output from the controller ampli- 
fier was equivalent to l X 107° torr. During all co, test runs the Veeco 
scale selector switch was placed on the 10° torr scale. This made it 
possible to record an experimental run without switching scales on the 
Veeco. 

The controller - recorder combination is accurate within 2% of 
the controller full scale deflection. When operating on the 107° scale, 
the maximum possible error is therefore 0.2 X 10°? torr. Full scale de- 
flection on the 10° scale is 10 X 107° torr. 

b) Temperature 

The temperature sensing devices utilized were thermocouples and 

disk thermistors. Type L0904 - 125K = H = T2 disk thermistors manufactur- 


ed by Keystone Carbon Co., were used to measure surface temperatures at 
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certain locations on the liquid nitrogen filled heat shields. These 
thermistors were individually calibrated by the manufacturer at 90 °K, 
ila and 20.2 °K. One, type L0904 - 3meg - He - T2 disk thermister, 
was used bn thé cryosurface. This thermister was calibrated by the manu- 
facturer, Keystone Carbon Co., at 90 OK, (ioe OK, 20.2 OK, and 4.1 °K. 

It was used to measure temperatures in the liquid helium range. A 
typical calibration curve for these thermistors is included in reference 
(16). 

Teflon insulated 24 gauge copper - constantan thermocouples 
were employed. These thermocouples were installed on the front heat 
shield, the top of the cylindrical shield, the liquid helium fill line, 
the liquid heliwa, cryepanel bottom center, and the liquid helium cryo- 
panel vapor outlet. A liquid nitrogen reference junction was used to 
improve the thermocouple sensitivity at temperatures below 77°K. The data 
employed to convert millivolts to a corresponding temperature utilizing a 
liquid nitrogen reference junction for copper - constantan thermocouple 
wire was obtained from reference (28). 

The thermocouples were mounted on the surface by spot welding 
a piece of stainless steel shim stock over the measuring junction. Apie- 
zon-N grease was used to bond the junction to the surface with a reason- 
able degree of success. Apiezon-N grease has a low vapor pressure and will 
harden at low temperature. This hardening tends to keep the thermocouple 
in contact with the surface and reduce any error in the temperature read- 
ing due to poor contact. It was found that thermocouples making poor 
contact with the surface could register temperatures which were as much as 
20 °K in error. 


As stated above, the thermistors, two of which were used on the 
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back shield and one on the cryopanel, are discussed in (16). The only 
modification made to the thermistors was in the method of mounting them 

to the surface. Instead of utilizing Sauereisen Type 29 "Low Expansion 
Cement", which outgasses heavily, the thermistors were wrapped in teflon 
tape and held to the surface with stainless steel shim stock spot welded 

to the surface. In mounting the thermistors, it was found that grounding 
would occur if the disk was not insulated from the surface with teflon 

tape. Apiezon-N grease was used to insure contact between surface and ther- 
mistor. 

The liquid nitrogen thermistors were immersed in a bath of liquid 
nitrogen for calibration and the bath agitated to prevent stratification. 
These thermistors were all approximately -10°K in error. This is in 
agreement with the reported observation in reference (16). 

c) Flow Measuring Devices 

The schematic of the gas admission system is displayed in Figure 
6. Nitrogen and carbon dioxide gas flow into the chamber was controlled 
with a micro-flow valve manufactured by the Matheson Company, Inc. This 
valve is vacuum tight to 10°© torr and for a 2 psi pressure differential 
is capable of metering flows in the range of 0.25 cc/min to 6,000 cc/min 
of air. Since this valve has a very small orifice, it was equipped with 
a filter to prevent it from clogging. 

The flowmeter employed has a high precision glass ball float 
3/64" in diameter and allows for a reprodut#libity of better than one 
scale division on the meter. The flowmeter has a range of 1 cc/min 


to 100 cc/min. 
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a System Checkout Procedure 
a) Obtaining a Vacuum Tight System 

The vacuum pumping system was valved and instrumented to pro- 
vide maximum yee flexibility and to permit leak checking in small 
isolated sections. In the following discussion reference to the pumping 
schematic (Figure 1) will aid the reader in understanding the procedures 
described. 

In vacuum technology, the piping from the diffusion pump dis- 
charge to the mechanical pump inlet is referred to as the foreline pip- 
ing. In this discussion the foreline piping will include all components 
from the vacuum test chamber to the mechanical pump inlet. This section 
was initially pumped down with the mechanical pump and checked with a 
Veeco mass spectrometer type leak detector using helium as the probing 
gas. After all detectable leaks had been corrected, a pressure in the 
foreline piping of 5 microns was realized. The diffusion pump was placed 
in operation, and the foreline piping was again checked for a discernible 
in-leakage. This operation was performed to insure the components and © 
flange connections between the chamber and inlet to the diffusion pump 
were leak tight at a high vacuum. A leak was detected at the flange 
connection between the cold cap and diffusion pump proper. Upon correct- 
ing this difficulty, the leak detector showed no discernible in-leakage 
of helium on the most sensitive scale. 

The chamber was tested next with valve V-3 open and valves V-2 
and V-1 closed. The leak detector was connected via valve V-5 to the 
vacuum system. It was possible to rough down the chamber to 10 microns 
in this manner with no detectible leaks. It was noted that the chamber 
required approximately 1% times as long to rough down if it had been 
opened for any appreciable time. This is due to a layer of water molecules 
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forming on the chamber walls when exposed to the air. Therefore, it be- 

came standard procedure to place lamps in the chamber if it was to be 

open for any duration of time. Also, the system was raised to atmospheric 

pressure with nitrogen gas upon securing under the following conditions: 
1) The chamber was not going to be opened for maintenance. 
2) The chamber was to be idle for a short period of time 

and it was desired to come back down to pressure rapidly. 

The last step in checking out the system was to test it as a 
whole unit. It was placed in operation by following the procedure out- 
lined in App. II. The leak detector was connected to valve V-4 and valve 
V-2 was closed. Note that with valve V-2 closed, the diffusion pump is 
discharging solely to the leak detector. This enables almost instant re- 
sponse to a leak. Once the leaks were remedied, a vacuum of 9 X 10°/ 
torr was realized without the addition of any cold liquids. By filling 
the cold cap, two liters of liquid nitrogen required, a vacuum of 8 X ome 
torr was obtained. At this stage, no leaks were detectible with the leak 
detector on the most sensitive scale. The vacuum system was accepted and 
it was now possible to proceed with testing the heat shielding. 

b) Testing the Liquid Nitrogen System 

The heat shields and cryopanel were leak checked before installa- 
tion within the chamber. Upon filling these shields with liquid nitrogen, 
numerous problems developed. 

The front door shield fill operation was uneventful. However, in- 
itially it was impossible to fill the back and cylindrical shields without 
a loss of vacuum within the chamber. This was attributed to the O-rings 
freezing on the fill plate and a sharp 90 degree bend at the fill line 
entrance. Difficulty was also encountered with silver solder joints con- 
necting flexible stainless tubing to the rigid tubing. These joints were 
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a constant source of trouble due to leaks developing at liquid nitrogen 
temperatures. Also it was not possible to fill at a reasonable rate due 
to liquid bubbling out of the fill line on to the plate whenever the pres- 
surizing gas was increased above % psig. 

The following steps were taken to eliminate the above mentioned 
problems: 

1) The viton O-rings on the fill plate were replaced with 
silicone O-rings. This lowered the freezing temperature of the O-rings 
from + 4 °F to -90 °F. 

2) The Liquid nitrogen fill piping was modified to allow 
filling the back shield and cylindrical shield separately. 

3) A sweeping bend was used instead of a sharp 90 degree 
bend in the fill piping. 

4) A nylon hose was inserted in the fill pipe for the 
cylindrical shield. This enabled the liquid nitrogen to be released at 
the bottom of the shield and provided a long conduction path thereby re- 
ducing the vapor present in the fill line. It also served to keep the 
fill plate warmer. Holes were drilled in the sides of the hose ¥" from 
the bottom to allow for the eventuality of the hose outlet resting on 
the bottom of the shield. 

5) The vent lines were modified so that cold vapor was 
discharged away from the fill plate. 

6) Electrical resistance tape was placed on the plate 
around the O-rings. A current of .5 amps from a 115 volt supply was 
passed through this tape. As a result 60 watts of power were available 
to heat the plate while the fill operation was proceeding. 


7) Self pressurized dewars were used in the actual test 
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runs. A device was designed to exert a slight pressure on the fill line 
and to prevent bubbling from this line. This device is shown in Appendix 
T b, 

These modifications were successful and the fill time required 
was 45 minutes. The reader is referred to (21), Chapter VIII, for an out- 
standing discussion of two phase flow in transferring cryogenic liquids. 
Scott (21) also recommends vapor taps in the fill line to relieve the 
pressure and enable the liquid to move more rapidly thereby cooling the 
line. 

c) Testing the Liquid Helium Panel. 

The Liquid helium cryopanel was filled through a 33 inch vacuum 
insulated transfer line. No difficulty was encountered with this opera- 
tion and as the procedure is a standard one in the field, it will not be 


discussed further here. 
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6. Experimental Technique. 

(1) Pump down the vacuum chamber to the lowest possible pressure 
with the mechanical and diffusion pumps. 

(2) Fill the radiation shields with liquid nitrogen. During the 
fill operation, monitor the level of the liquid nitrogen with the instal- 
led thermistors and thermocouples. The time required to fill the heat 
shields with liquid nitrogen is approximately 45 minutes. About 50 
liters of liquid nitrogen are required. 

(3) Upon completion of the fill operation, record all heat shield 
temperatures, cryopanel temperature, and chamber pressure. 


(4) When CO, gas is to be condensed on the cryopanel, step (2) 


2 
and (3) above are omitted. 

(5) Fill the cryopanel with liquid helium or liquid nitrogen de- 
pending on whether ou. gas or ¥ gas is to be condensed. When using 
liquid helium, the cryopanel temperature must be monitored continuously. 
If the cryopanel temperature starts to rise above 20 °K, introduce more 
liquid helium to the cryopanel. 

(6) Record temperatures of the cryopanel and heat shields. 

(7) Record the chamber pressure (P) obtained by cryopumping. 

(8) Isolate the diffusion pump from the chamber by closing valve 
V-l. (See Fig. 4). 

(9) Record Pressure versus Time with the X-Y plotter. 

(10) Introduce a known in-leakage rate with the gas metering system. 
(See Fig. 6) 

(11) Record the pressure and temperature of the introduced gas. 


(12) The in-leakage may be secured after time t (Fig. 2 is repeat- 


2 
ed below for convenience). 
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Fig. 2 Pressure versus Time 
(13) After the pressure drop 4p has been observed, open valve V-1 
and restore the chamber pressure (P). 


(14) Compute the cryopumping speed as follows: 


ie = ie 
(P) A 
(15) Calculate the capture coefficient as follows: 
C= = “107 


[se Yo. 
2T7rM| 
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7. Uncertainty Analysis. 

The data collected in this study was mostly single - sample. A 
single - sample experiment is one in which uncertainties cannot be 
evaluated by repetition due to the cost or time involved. Therefore the 
author will provide the reader with some measure of the reliability of 
the results based on a method developed by Kline and McClintock (31) 
for analyzing uncertainties in single - sample experiments. 

"If R is a linear function of N independent variables, each of which 
is normally distributed, then the relation between the interval for the 


variable w; , and the interval for the result Wp , which gives the 
same odds for each of the variables and for the result is" (31) 


| 
2 a Se 
We (Sh.w) + (2Rw.) Ho wee ++(QR wy) (1) 
2 OVN 

The above theorem will be used to report the uncertainty for each experi- 
mental result reported in this work. The uncertainty interval will be 
based on 20 to 1 odds. In other words, the author is willing to wager 20 
to 1 that the true value for the experimental result lies within the un- 
certainty interval stated. 


A sample calculation for one run will now be performed utilizing the 


following data: 


Vo = 11.50 cc/min 
Ae = 2165 em@ 
a5 
= 1.2 X 10 
(R\, l l mm Hg 
Po = 760 mm Hg 


The uncertainties, Wy > for the above mentioned data are: 
in Vg = 1.0 cc/min 


in A = 152 ene 


in (FR), 


in Py = negligible 


0.05 X 10> mm Hg 
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The equation employed for calculating the experimental pumping speed 


is 


>). A (2) 


The experimental pumping speed s. corresponds to R and is a linear 
function of the independent variables Vo? CF de and A. Substituting 
equation (2) into equation (1) and performing the indicated partial differ- 


entation: 


' 2 2. Yo. 
Wen = Wi, PA alk \, Wa 3 
A PLA + | 22a (3) 
fe H A (Alc | "UR FFP), é 


Equation (3) can be normalized upon dividing by equation (2) 


We 2 /r 
: (3a) 
= | (Ge) + (Mee) + (SB) 
A Vo (ay 
Substituting the values for the variables and oneen ean cee into equation 


Me =[(O) + (2Eh + sey] 


sa = 0.4.1.9 
SA 








(3a) 





Therefore, we see that the experimental cryopumping speed is 11.9% uncer-- 


tain. The uncertainty interval for this run is 


Meas Weg = 0.19 
Sa Slo (Liten/sec cm?) 


Ws, = 0.67) Liter /sec em* 
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where the value for Sa was computed from equation (2). Therefore, the 


experimental cryopumping speed is reported in the following form: 


Syl 5.00 + 0.6] Liter /sec em 


The capture coefficient uncertainty interval is directly propor- 
tional to the uncertainty in the experimental cryopumping speed. By 


definition the capture coefficient is 


C= 2a ARO toGT 
Sth 9.53 


or 


C= O95 9550.07 
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8. Results. 


The cryopumping speed for various flowrates of CO, gas at 300 °K 


4 
was determined for a cryosurface maintained at 77 OK by liquid nitrogen. 
For each cryopumping speed measured experimentally, a capture coefficient 
was calculated. Equation (13) of Chapter I was employed to compute the 
experimental pumping speed and equation (14) of the same chapter was 
utilized to calculate the capture coefficient. A value of 9.53 Liter/cm* 
sec was obtained from Fig. 1 for the theoretical cryopumping speed of co, 
at 300 °K, Equations (17) and (18) are repeated below: 


oy = re 


ae (17) 


(Bl. A 


C = Sa (18) 
Sth 


Figure 3 illustrates a typical pressure versus time record for a co, 
flowrate of 11.5 cc/min. Table II(page 32), shows the experimental data 
and the calculated capture coefficients for CO, All values are based on 
a cryosurface area of 2165 cm’. 

The cryopumping speed for nitrogen gas at 300 °K was also determined 
for a cryosurface cooled by liquid helium. The same equations employed 
for carbon dioxide were also used for nitrogen. The capture coefficient 
was computed for nitrogen utilizing a value of 11.9 Liters/sec out (See 
Fig. 1) for the theoretical cryopumping speed. Table I below shows the 


experimental data and the calculated capture coefficients for nitrogen. 


The cryosurface temperature was 10 Ox Ge 8 Or). 
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TABLE I 


aie 


m Area (Pp). Sa Capture Uncertainty of 
Coefficient Capture Coeff. 
cc/min en” (torr) Liter/am“sec 
1.0 2165 7.19 X 107 8.14 0.68 0.52 
9.0 2165 5 x 107° 10.5 0.88 0.14 
TABLE II 
Run No. Vo (Pp). Sy Capture Uncertainty of 
(cc/min) Torr Liters/cm¢sec Coefficient Capture Coeff. 

1 4.52 4 x 107° 6.6 0.69 0.12 

2 5.74 4 x 10° 8.4 0.88 0.15 

3 5.74 4.2 xX 10° 8.0 0.84 0.13 

4 6.64 5.5 x 107° oil 8.74 0.10 

5 7.38 5.9 x 107° 7G 0.77 0.10 

6 8.62 7 x 107° 7 0.76 0.10 

7 11.50 Texan 6.1 0.64 0.08 

8 11.50 1.2 X 107° 5.6 0.59 0.07 

9 11.50 eon 5.6 0.59 0.07 
10 11.50 1.2.x 107° 5.6 0.59 0.07 
ll 15.60 ie 7 mors 5.5 0.58 0.07 
12 2.87 2.5 x 107° 6.7 0.70 0.17 
13 2.87 2.5 x 107° 6.7 0.70 0.17 


was realized for a cryosurface temperature of 10 °K, 


With liquid helium cryopumping, a minimum pressure of 5 X 1078 om Hg 


This value is for 


continuous noncondensable gas removal and with no introduced gas in-leakage. 
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=e Analysis of Results. 

Values reported in the literature for the capture coefficient of 
carbon dioxide gas at 300 °K, based on experimentally measured cryopump- 
ing speeds, on a liquid nitrogen cooled surface are displayed in Table 


III below. The cryosurface geometry utilized in all cases was a sphere. 


TABLE III 
co. Flowrate, Vo E Capture Reference 
cc/sec (Torr) Coefficient 

0.525 1x 107" 0.42 (26) 
2.17 3 x 1074 0.63 (26) 
0.418 ON uxelone 0.58 (26) 
2.22 3.1 x 1074 0.70 (26) 
0.105 1.1 X 107° 0.63 (26) 
0.105 1.2.x 10° 0.57 (26) 
| I 0.63 (29) 
0.63 (30) 


Examination of the capture coefficients for co. computed from the 
experimental cryopumping speeds in this report compare favorably with 
those reported in the literature, for equilibrium chamber pressures in 
the 107° Torr range. As stated previously, in Chapter I, the partial 
pressure of the introduced condensable gas, (Pp) o> is equivalent to the 
equilibrium chamber pressure provided the following conditions are true: 

(1) The saturation vapor pressure of the solid condensate is 
much less than the partial pressure of the introduced gas. 

(2) The partial pressure of the introduced gas is much greater 
than the partial pressure of the noncondensable gases present in the test 
chamber. 
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For chamber equilibrium pressures in the 10°® Torr range, the cap- 
ture coefficients are higher than most of the reported values in the 
literature. This discrepancy may possibly be attributed to: 

1) A larger uncertainty in the pressure measurement, A P, in 
the 107° Torr range than in the 10°? Torr region. 
2) The effect of noncondensable gases. 

Although it is very difficult to determine accurately the partial 
pressure of the non-condensable gases in the chamber without a mass 
Spectrometer, the partial pressure can be estimated by performing a rate 
of pressure rise measurement on the chamber (22). A value of 1 X 1076 
Torr for the partial pressure of the noncondensable gases was obtained 
in this manner. Since this is the same order of magnitude as the equili- 
brium chamber pressure, it can be assumed that the non-condensable gases 
did increase the measured cryopumping speed and therefore the capture co- 
efficient. The working mechanism underlying the possible increase in the 
measured cryopumping speed due to non-condensable gases is discussed in 
Chapter I. 

Insufficient data was collected to form conclusions for liquid helium 
cryopumping utilizing nitrogen gas. The 75% uncertainty in the experi- 
mental run for a Vo of 1 cc/min was due largely to an uncertainty in the 
flow measurement (67%) and pressure measurement (70%). Therefore, future 
investigations employing the existing instrumentation must use higher gas 
flowrates, preferably large enough to produce equilibrium chamber pres- 
sures in the 107 Torr region. 

A very substantial initial transient behavior was observed for the 
test runs with CO,. During this transient period, the measured cryo- 


2 


e 
surface* pumping speed was very low. However, if a co. flowrate of 
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approximately 1 cc/min was introduced into the chamber for thirty minutes 
prior to measuring the cryosurface pumping speed, this transient effect 
was not observed. This suggests that the cryosurface must be precoated 
with a layer of solid condensate before a steady state condition exists. 
Wang (26) also observed this behavior and referred to it as a "bare" sur- 


face effect. 
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10. Conclusions. 

a) The experimental procedure employed appears adequate for collect- 
ing the necessary data to evaluate cryopumping speeds and capture co- 
efficients. 

b) The uncertainty interval for the experimental results can be 
reduced by introducing high enough gas flowrates (CO, and N.) to obtain 
chamber equilibrium pressures in the 10°? torr range. 

c) More experimental runs are necessary with liquid helium cryopump- 
ing before a conclusive capture coefficient can be reported for nitrogen 
gas. 

d) A chamber pressure of 5 X 1078 torr was obtained with cryo- 
pumping. 

This corresponds to approximately 520 Kilometers (323 miles), therefore, 


the chamber may be used to simulate outer space for a specimen exhibiting 


negligible outgassing. 
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Figure 5 Liquid Helium Cryopanel 
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APPENDIX I (a) 


System 
Length: 
Chamber diameter 
Chamber length 
Cylindrical Shield Diameter 
Cylindrical Shield Length 


Shield End Panel Diameter 


Area: 
Chamber Walls 


Heat Shield* 


Stainless Steel (304) Cryopanel 


*Projected surface area, does 


Volume: 


Chamber 


Dimensions 


41 in. = 


46 in. = 


33 in. = 


36 in. = 


36 in. = 


8.56 X 10°in2 


5.44 X 102in* 


6.06 x 10° 
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104 cm. 
116.6 cm. 
83.7 cm. 
91.3 cm. 


91.3 cm. 


5. Siexeloten- 


= 3,51 X 10cm” 


2.88 X 102in2 = 1.856 X 102cm2 


not include embossing. 


in? = 994 Liters 


> 





APPENDIX I (b) 








COLMAN 






Vent 
Stainless Steel Tubing 





Copper Cap 
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Nylon Hose 





Liquid Nitrogen Feedthrough 
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II. 


Ill. 


IV. 


APPENDIX II 


Pumping System Operating Procedure 


To evacuate the chamber: 


Te 


A. 
B. 
C. 


Insure air is available to actuate valves V-2 and V-1l. 

Place the individual electrical switches for the solenoid valves 
in the closed position. 

Turn on the cooling water for the cold cap, diffusion pump cooling 
coils, and mechanical pump. Insure that the cooling water to the 
quick quench coils is secured. 

Energize the controllers for the mechanical pump, and solenoid 
valves. 

Insure that all doors, ports, and air release valves V-4 and V-5 
are closed. 

Open valves V-3 and V-2. NOTE: Valve V-2 is operated with an 
electric switch. There is no manual mode of operation. 

Start the mechanical pump, thus evacuating the chamber and diffusion 
pump. 

When the pressure in the foreline reaches approximately 70 microns 
or lower, energize the heaters for the diffusion pump. © 

After twenty (20) minutes have elapsed, the diffusion pump will 

be ready to pump on the chamber. 

Close valve V-3 and open valve V-l. The system is now completely 
in operation and the gas flow is now from the tank, through the 
diffusion pump, to the mechanical roughing pump. 


it is necessary to open the chamber: 


Close Valve V-l. 
Open valve V-5. 
Leave pumps running. 


The tank may now be opened. 


To re-evacuate the chamber: 


A. 
B. 
os 


Close Valve V-5. 
Open Valve V-3. 
When pressure in chamber is 70 microns or lower open Valve V-l. 


To shut the pumping system down: 


A. 
B. 
C. 
D. 
E. 


F. 
G. 
H. 
I. 


Close Valve V-1. 

De-energize diffusion pump heaters and turn on the quick cool water. 
Wait approximately 15 minutes for the diffusion pump to cool. 

Open Valve V-5. 

After diffusion pump has cooled down (approximately 15 minutes), 
close Valve V-2. 

Secure roughing pump and open valve V-3 immediately. 

Secure all cooling water supplies. 

De-energize all controllers. 

System is now secured. 
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APPENDIX III (a) 
Shielding Calculations 
a)  Cryopanel 
The radiation heat load on the unshielded cryopanel may be calculated 
by assuming the panel to be a gray body within a gray body enclosure. A 
reasonable value for the emissivity of the chamber walls at 300 °K is .40 
and for the cryopanel at 20 °K, a value of .20 (5). The electric analog 


is a simple series circuit (14). 


if B 
Aw ew Ap Ro Few Hp Foto 





and the heat load may be found as follows 


where: 


os sie 
few, = Fle. i. 4A ++ i- tp (la) 


H Ap Ew Eo ike Ep 
u (1b) 
Eis Ce 
Solving (1) for dy /Ao gives .0320 wates/cm- for the radiation heat 
load on the unshielded cryopanel. 
In order to reduce the radiation heat load on the panel, a stainless 
steel heat shield filled with liquid air, 33" in diameter, 36" long, and 


with an emissivity of approximately .4 is placed between the wall and panel. 
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By a Similar calculation to the one above, the heat load on the panel is 
found to be 1.35 X 1074 watts/cm*. This is .42% of the unshielded radia- 
tion heat load on the panel and greatly reduces the helium loss due to 
radiant heat. 

b) Liquid Nitrogen Heat Shield. 

Since a batch process is to be used for filling the liquid nitrogen 
heat shield, a means for reducing the radiation heat load on this shield 
would be both practical and economical. 

The radiation heat load on the liquid nitrogen shield may be calcu- 
lated by assuming the chamber wall and the shield to be flat parallel 


plates. Neglecting end effects, equation (la) reduces to: 


[<= - 
OW ee 


eo Ew 


Utilizing equation (1), and assuming the emissivity of the chamber walls 
as .40 at 300 OK and the emissivity of the stainless steel heat shield as 
.20 at 77 °K, the heat load q/A, is calculated to be 4.19 X 10-3 watts/ 
emmy. 
If a dry aluminum heat shield is placed between the walls and the 
liquid nitrogen shield, one would expect the radiant heat load on the 
nitrogen shield to be substantially reduced. The end result would be a 
smaller liquid nitrogen consumption and a longer operating time per charge. 
In order to calculate the reduction of radiant heat on the nitrogen 
shield, a value of .10 for both sides of the aluminum shield will be 


assumed. The electric analog is a simple series circuit (14): 


Il Ht re 6&4 
A Ewe F Fas 
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and the heat load may be found: 





Ya = Sim Cbs (3) 
ce oe 
Fae ile 
where: 
Ave a = (3a) 
+ st 
Ew E 
and: 


E —_ ie (3b) 


ie ee eae 
ea 


Utilizing equations (3) through (3b), the radiation heat load on the 
liquid nitrogen shield with the dry aluminum heat shield installed is 
found to be 1.06 X 1072 watts/cm*. The net effect is a 25%’ reduction of 


the heat load on the liquid nitrogen filled shield. 
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APPENDIX III (b) 
Cryopanel Calculations 

As the solid condensed gas forms on the cryopanel area, the thermal 
conductivity of the solid coating and its increasing thickness will affect 
further condensation of the gas. In designing the cryopanel,,the freez- 
ing area provided should be adequate so that during the entire test run 
period the rate of solid formation will be maintained at a value greater 
than or equal to the total mass flow rate into the chamber. 

The rate of solid formation on the cryopanel surface can be treated 
as a one - dimensional heat conduction process with a time dependent bound- 
ary condition at the vapor - solid interface. Both Chaun (6) and Karamcheti 
(15) have solved this problem utilizing data from A. D. Little Co. to 
determine the thermal conductivity of solid nitrogen. 


The rate of solid formation on the cryopanel surface is (15). 


M = bp | de a. i 
pe nae 


0.2325 (a constant) 


where b 


r 
R 


C 


1.0 grams/cc for solid nitrogen 


2.455 X 1074 cal/sec cm °K 


~39 cal/gm °K 


The constant, b, was determined from the following equation 


be? ers b = ae OWS Ia a 
TT 





where T, = temperature at vapor - solid interface 28 OK 


Ty temperature of cold surface 20 OK 


L latent heat of condensation from the gas phase to the solid 
phase, 60 CAL/gram. 

The temperature at the vapor - solid interface is the saturation 
temperature of solid nitrogen corresponding to 107° mm Hg. 

Assuming a volume flowrate of 1000 cc/min and negligible outgassing, 


the mass flowrate of nitrogen gas into the chamber can be computed. The 


density can be computed as follows: 





=W = PM 
i: RT 2 


.6035X10° M SEs opm con 


y 


(3a) 


where Ry = 62.364 mn Liter 
OK gr - mole 


Equation (3) yields a value of 1.035 X 1074 grams cc"! for the density. 


Since the area of the cryopanel is 1854 cm 


4 grams sec™1 em™2, Substituting this value for G into equation (1) 


, the mass flowrate is 3.35 X 
10° 


and solving for t we obtain 
2. 
t=[bp\ k (4) 
Ss é 


or t = 8.3 hours 

Therefore in order to maintain the rate of solid formation greater than 
or equal to tthe total mass flow rate into the chamber, the maximum continu- 
ous run time is 8.3 hours. A more conservative maximum run time is 4 HOUrs 
to allow for outgassing condensation, variations in thermal conductivity, 


etc. 
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Assuming a run time of 4 hours, the condensate thickness may be cal- 


Kae ie Te cM (5) 
ec 


where x = thickness of the condensate layer 


culated (15). 


Solving equation (5) for x yields a value of 1.4 cm. 
It is now of interest to compute the liquid helium requirement due to 


the gas condensation load. 


Io, = [L+ ColTe- Th) | (6) 


where G = mass flow rate into chamber grams/cc 


L = latent heat 60 CAL/gram 


Cy = entrance temperature of gas 
Ta = entrance temperature of gas 
T. = temperature at vapor - solid interface 
then q_ = (3.35 X 1074) [(60 + 6.93 (300-28) ] 
8 28 
= .0427 CAL/sec 
and 
V q, © 
Ihe = 2 (7) 
by 
where 


L. = latent heat of vaporization of liquid helium 


= density liquid helium 


-0427) (4) (3600) 
(4.93) (125.1) 


< 
{ 


1.085 Liters Liquid Helium 
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The radiation load on the cyropanel (App III(a)) is 1.67 X 1074 
watts/cm*. Using this value for q in equation (7) yields a liquid helium 
requirement of 68.6 liters. Therefore, from the standpoint of liquid 
helium consumption we see that a 4 hour run time is not feasible. There- 
fore, a run time of 10 minutes corresponding to a liquid helium consump- 
tion of 2.86 liters for radiation was decided upon. A run time of 10 min- 
utes is also sufficient time to allow equilibrium conditions to be estab- 


lished within the chamber. 
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APPENDIX III (c) 
Pumpdown Time Calculations 

A. Roughing Pumpdown Time. 

The roughing time is defined as the time to pumpdown the chamber from 
760 to .001 torr. This is accomplished by a 100 cfm mechanical pump 
connected via 3% feet of stainless steel tubing to the chamber. It is 
necessary to rough the chamber down to at least 70 microns before the dif- 
fusion pump can be placed in operation. The pressure of 70 microns is the 
maximum allowable foreline pressure for the diffusion pump. 


The throughput from the chamber is 


ee V dP (1) 
dt 


where Q is expressed in Torr Liters sec™1, V, the volume of the chamber in 
liters, and dp, the rate of change of pressure with time, in torr sec71.° 
The Bae entering the pump is 
27S |e (2) 


where S is the pump speed (Liters/sec) and P is the pressure in torr. 


Equating equations (1) and (2) and integrating we obtain 
_ (3) 
ota La Bp 


where Ate is the roughing time or time to pumpdown from pressure = to 

pressure Poe 
Equation (3) may be modified by a factor, K, to account for outgassing 

in the pressure range below 1 torr. This factor is deduced from the anal- 


ysis of a large amount of empirical data. The values for a clean mild- 


steel tank are tabulated below (22). 
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At, = KV LN i 
S p, 


where 
Pressure Range K 
760 to 1.0 torr | Gran 
1 to 0.1 torr ibe 
0.1 to .001 torr 4.0 


(3a) 


Substituting into equation (3a) for each pressure range and summing 


the three results yields a theoretical roughing time of 12% minutes. 


This 


theoretical time compares favorably with the actual time of 15 minutes. 


B. Pumpdown Calculation - Below 1074 torr. 


Pumpdown time calculations in the high vacuum range are extremely 


difficult because the absorption gas load is so sensitive to uncontroll- 


able chamber surface conditions (22). 


The pumping speed at the chamber can be obtained from 


4 it ke ie 
= 2.2 See 
Sp Sp Ug Uy 


therefore 
Sp =p Ug Uy — Liter sec> 
See hase Uy 
where 
Sp = Pumping speed at chamber 
Sq = Diffusion Pump Speed 


=} 
i 


Conductance of cold trap 
U.. = Conductance of valve 
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(4) 


(4a) 





Solving equation (4a) yields a pumping speed at the chamber of 600 
Liters/sec. 

The pumpdown time from 10°4 torr to lower pressures can be calculated 
from a generalized version of one proposed by Naundorf (20). See Figure 
(10). This procedure is based on the following assumptions: 

1. Pumping speed constant versus pressure. 

2. Outgassing of chamber versus time of the form Q = k/t - 
linear with a -45 slope on a log - log plot. 

3. Negligible leaks 

4. Negligible gasket outgassing 

Utilizing this method the time required to pumpdown from 1074 to 5 X 
10°© torr can be calculated. From Figure (10) the time value of .07 hours 


is obtained for a mild steel chamber. The pumpdown time, ty is 


Cp = 0.01% Ae/So (5) 


where 
A,= surface area of chamber - cm@ 
Sp = pumping speed at chamber - Liters/sec 
then 
t= .07 X 5.51 X 10° 
co" e00) Take 
ie 6.42 hrs. 


The actual time required is 8 hours. However, the theoretical calcu- 
lation neglected gasket outgassing. Also note that the value of 8 hours 
is for a warm chamber. Utilizing liquid nitrogen the chamber can be pumped 
down in approximately 2 hours from atmospheric pressure to less than l X 


=6 


10 Torr. 
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Figure 10 Outgassing rate versus Time. 
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APPENDIX IV (b) 


Outgassing Data 


Outgassing Rate Torr - L 


sec cm 

Material Condition l hr. 10 hr. 100 hr. Source 

Mild Steel shot blasted 6x 107° (3) 

Neoprene 3x 107° 1.5 X 107 (3) 

Stainless 2x 107? 2x 1078 (3) 

Steel 

Aluminum gieaiced 1 x 107/ (8) 

Brass cast washed 3 X 1077 (8) 
Copper 2.3% 10°° (8) 

Silver 6x 1077 (8) 

Butyl Rubber 1.5 x 108 (8) 

"Epon 828" degassed 6.7 X 107? 5.9 x 10°78 9.4 x107°9 (18) 
Teflon 4.6 X 1077 2.1xX1077 9x 1078 (18) 
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